ABSTRACT The effect of temperature on tunneling and food transportation activity of four subterranean termite species, Coptotermes formosanus Shiraki, Coptotermes gestroi (Wasmann), Reticulitermes virginicus (Banks), and Reticulitermes flavipes (Kollar), was examined. The experiment was conducted at 15, 20, 25, 30, and 35ЊC and Ϸ 99% relative humidity (RH) using 10-by 10-cm planar arenas. Tunneling areas excavated by termites at 12 and 48 h were analyzed using two-way analyses of variance. The number of food particles and their total linear distance 6 h after termites reached the food source were recorded. The result showed that termites reached the food faster at higher temperatures with the exception of R. virginicus. As the temperature increased, tunneling speed generally increased, though tunnel areas at some temperatures within species at 12 and 48 h were not signiÞcantly different from each other. Once they reached the food, the tunneling speed substantially slowed down. In the food transportation study, the number of food particles and their total linear distance from the food source for C. formosanus, R. virginicus, and C. gestroi generally increased with the rise of temperature, while those for R. flavipes were temperature independent. These results may help to explain seasonal activities of the four termite species and to provide information to the application of monitoring and baiting system.
Foragers of subterranean termites are known to search for food by tunneling through soil. Food searching efÞciency depends on the organization and pattern of their tunnel system (Traniello and Robson 1995) . Termite tunnel geometry is optimized for food encounter rate and transportation efÞciency (Lee et al. 2007) . Subterranean termites excavate tunnels by picking up soil particles and depositing them elsewhere to develop the new tunnels (Bardunias 2013) . Foraging behavior is affected by factors such as humidity, soil texture, soil compaction, and preformed tunnel cavities (King and Spink 1969 , Haverty et al. 1974 , Jones and Nutting 1989 , Reddy and Sammaiah 1991 , Smith and Rust 1991 , Jouquet et al. 2002 , Evans 2003 , Lee et al. 2008 , Cornelius and Osbrink 2010 . It was documented that soil moisture increased the tunneling speed and tunnel areas of some subterranean termite species (Evans 2003, Su and Puche 2003) without affecting their tunnel geometry (Su and Puche 2003) . The effect of soil particle size on foraging activity in various subterranean termite species has also been studied (Ebeling and Pence 1957 , Tamashiro et al. 1987 , Smith and Rust 1991 , Su and Scheffrahn 1992 .
Subterranean termites forage for food by excavating tunnels in soil, and their tunneling activity is known to be affected by temperature (Delaplane 1991, Fei and Henderson 2004) . Cornelius and Osbrink (2011) reported signiÞcant correlation between wood consumption and air and soil temperature. Arab and Costa-Leonardo (2005) who reported that the total tunnel lengths of Coptotermes gestroi (Wasmann) were signiÞcantly impacted by temperatures also discussed baiting efÞcacy in relation to temperature. Thus far, however, no information is available on the effect of temperature on food transportation speed of subterranean termites.
As tunneling and food transportation activity are closely related to damage potential of subterranean termites, studies of factors affecting these activities may aid efforts in their management. The information may also help to increase the successful rate of termite baiting programs. The objective of this study was to examine the effect of temperature on tunneling and food transportation activity of four economically important subterranean termite species, C. gestroi, Coptotermes formosanus Shiraki, Reticulitermes virginicus (Banks), and Reticulitermes flavipes (Kollar) under laboratory conditions.
Materials and Methods
Termites from three colonies each of C. formosanus, C. gestroi, R. virginicus, and R. flavipes were collected from Broward County in Florida, with the methods of Su and Scheffrahn (1986) . Planar arenas modiÞed from Chouvenc et al. (2011) were used in this study (Fig. 1A) . Each arena was composed of two sheets of transparent Plexiglas (14 by 14 cm and 0.2 cm in thickness) with Plexiglas laminates (10 cm by 2 cm wide and 0.2 cm in thickness) on the four sides, creating a 10-by 10-by 0.2-cm space between the two Plexiglas sheets. A 0.8-by 0.8-by 0.2-cm spacer was placed in the center of the arena, holding the two sheets of Plexiglas together by a 3-mm-diameter screw. A 0.5-cm-diameter hole was drilled on the top Plexiglas, near one corner of the arena for the introduction of termites. Before assembly, Plexiglas sheets were washed with soap, immersed in 3% sodium hypochlorite solution for 2 h and rinsed with sterile deionized water. Heavyweight construction paper (30.48 by 22.86 cm and 0.05 cm in thickness; Pacon Creative Products, Appleton, WI) was cut into 4.5-cm-diameter circles and divided equally into four quarters. Four overlapped quarters were deposited on the opposite corner of introduction hole as food source for termites. The arena was then Þlled with 15 g sterile play sand moistened with 3 ml sterile deionized water. An area of 5 by 2 cm was left empty near the introduction hole to be used as a staging area for termites. Previous studies showed that subterranean termites tended to follow the vector of a preformed tunnel during the foraging process (Pitts-singer and Forschler 2000 , Evans 2003 , Lee et al. 2008 , Bardunias 2013 . To induce termites to tunnel toward the food, a preformed tunnel of 1 cm length by 0.3 cm width was prepared in the direction of the food. After assembling, the four edges of the arena were sealed using ParaÞlm (Bemis Company, Neenah, WI) to maintain moisture and were held together with eight 1-cm binder clips. A group of 50 termites (45 workers, undifferentiated larvae of at least the third instar, and Þve soldiers for Coptotermes spp. and 49 workers and one soldier for Reticulitermes spp.) were released into the arena through the introduction hole, after which the hole was sealed using paraÞlm. Arenas with termites were placed horizontally on wood frame with a digital camera (Canon Powershot S45, Canon, Tokyo, Japan) positioned above to take digital images. Digital images were taken hourly to record the tunnel development and food particle movement. The experiment was conducted at 15, 20, 25, 30, and 35ЊC for 48 h, except that R. flavipes was not studied at 35ЊC, as this species did not survive at 35ЊC according to our previous study (R. C. and N.-Y. S., unpublished data). Each arena prepared for each species at one temperature was considered a replicate, and six replicates (2 arenas ϫ 3 colonies) were prepared for each species at each temperature.
Time required for termites to reach the food for each species and temperature combination was recorded and analyzed using KruskalÐWallis test in JMP 10.0 (SAS Institute 1998), with temperature as evaluation factor. SigniÞcant differences among temperatures were separated by a DunnÕs post hoc test (␣ ϭ 0.05). Tunnel areas (cm 2 ) were measured from the digital images taken at 12 and 48 h using software GIMP, version 2.8 (Free Software Foundation, Inc., Boston, MA) and analyzed by two-way analyses of variance (ANOVA) with species and temperature as evaluation factors. SigniÞcant differences among species and temperature were separated by TukeyÕs Least SigniÞcant Difference (HSD; ␣ ϭ 0.05) using JMP 10.0 (SAS Institute 1998). The exponential function, Y ϭ a*(1Ϫe Ϫbt ) as used by Su and Lee (2009) , was applied (2011) was Þlled with moistened play sand, and construction papers were deposited as food source on the opposite corner of introduction hole. A 10-cm 2 empty space was provided as a staging area near the introduction hole. Termites were released into the arena through the hole, and then the hole was sealed using paraÞlm (A). Arena (with termites) showed tunnel pattern at 48 h (B). (Online Þgure in color.) to analyze the cumulative tunnel area (cm 2 ) for each temperature and species combination over time using software Origin 8 (Origin Lab Corporation, Northampton, MA), where Y is tunnel area at time t, a is maximum area, and b is relative tunneling speed. As described by Su and Lee (2009) , time (h) required to reach 90% of the maximum area was calculated as t 90 ϭ (Ϫln 0.1)/b.
According to Bardunias (2013) , subterranean termites deposit food particles along tunnel galleries after they Þnd the food. The numbers of food particles moved by termites and their total linear distance from food were used as measurement of termite activity level. In this study, the numbers of food particles and their linear distances (mm) 6 h after termites reached the construction paper were recorded from the digital images. The total linear distance of moved particles was calculated by summing up the respective linear distances (mm) from the food source of all food particles. The number and distance of food particles were analyzed using KruskalÐWallis test in JMP 10.0 (SAS Institute 1998) with temperature as evaluation factor, and signiÞcant differences among temperatures were separated by a DunnÕs post hoc test (␣ ϭ 0.05).
Results and Discussion
Time required for termites to reach food is shown in Table 1 . The result of KruskalÐWallis test showed that with the exception of R. virginicus, termites generally reached food faster at higher temperature. C. gestroi took longer to reach food at 15ЊC than other temperatures. C. formosanus reached food faster at 35ЊC than at 15ЊC, but no signiÞcant difference was observed among the means of other temperatures. R. flavipes spent signiÞcantly fewer hours reaching food at 25ЊC than at 20ЊC.
Tunnel areas (cm 2 ) excavated by four termite species at 12 h signiÞcantly differed among temperatures (F ϭ 11.11; df ϭ 4, 101; P Ͻ 0.0001), species (F ϭ 37.61; df ϭ 3, 101; P Ͻ 0.0001), and temperature by species interactions (F ϭ 29.25; df ϭ 12, 101; P Ͻ 0.0001; Table  2 ). No signiÞcant difference was observed among the tunnel areas excavated by C. gestroi and C. formosanus at 15Ð30ЊC, while the tunnel areas developed by these two species at 35ЊC were signiÞcantly larger than those at 15 and 20ЊC. R. virginicus constructed signiÞcantly larger tunnel areas at 30 Ð35ЊC than at 15Ð20ЊC. Temperature had no signiÞcant impact on the tunnel areas constructed by R. flavipes within temperature range of 15Ð30ЊC, probably because 15Ð30ЊC fell into the favorable temperature range of this species (R. C. and N.-Y. S., unpublished data). In the current study, no signiÞcant difference was observed among species within the same temperature, except at 30ЊC in which tunnel areas developed by C. gestroi and R. virginicus were signiÞcantly larger than that of C. formosanus.
The tunnel area (cm 2 ) excavated by four termite species at 48 h differed signiÞcantly among temperatures (F ϭ 8.02; df ϭ 4, 101; P Ͻ 0.0001), species (F ϭ 21.21; df ϭ 3, 101; P Ͻ 0.0001), and temperature by species interactions (F ϭ 25.73; df ϭ 12, 101; P Ͻ 0.0001; Table 2 ). A representative tunnel pattern constructed by termites at 48 h is shown as Fig. 1B . No signiÞcant difference was observed among tunnel areas constructed by C. gestroi and R. flavipes at 15Ð30ЊC, suggesting that both species eventually ended up with similar tunnel areas at different temperatures within species after they reached the food. C. formosanus excavated signiÞcantly larger tunnel area at 35ЊC than those of all other temperatures. R. virginicus exposed to 30 Ð35ЊC constructed larger tunnel areas than those at 15ЊC.
The high r 2 values of 0.9478 Ð 0.9993 for all regressions validated the exponential function in describing the tunnel areas of these termite species (Table 3) . C. gestroi had the lowest relative tunneling speed of 0.0719 h Ϫ1 at 20ЊC, and this species reached 90% of the equilibrium tunnel area at 35ЊC faster than at other temperatures. R. virginicus tunneled the fastest at 25ЊC within temperature range of 15Ð35ЊC, but the largest equilibrium tunnel area of 15.6542 cm 2 was recorded at 30ЊC. The equilibrium tunnel areas developed by R. virginicus at 30 and 35ЊC were substantially larger than those of other temperatures. R. flavipes tunneled at the fastest speed at 25ЊC. The equilibrium tunnel areas developed by C. formosanus at 35ЊC were larger than at 30ЊC, but the relative tunneling speed at 30 and 35ЊC was not signiÞcantly different. Generally, equilibrium tunnel areas increased with the rise of temperatures, but the relative tunneling speed could increase or decrease with rise of temperature. Previous studies suggest that various tunneling strategies were adopted by different subterranean termite species, which might account for the inconsistency between tunneling speed and equilibrium tunnel areas. Su and Lee (2009) reported that C. formosanus reached the equilibrium faster at lower tunnel volume than R. flavipes. While C. formosanus did not excavate additional tunnels once they reached equilibrium tunnel volume, R. flavipes continued tunnel excavation by Þlling unused tunnels with sand from newly dug tunnels. Grace et al. (2004) documented by visual observations that C. gestroi makes thin and highly branched tunnels, whereas C. formosanus constructs wide and less branched tunnels. Hapukotuwa and Grace (2012b) quantitatively supported the conclusion and indicated that C. formosanus is able to locate distant resources more efÞciently than C. gestroi. This may explain the differences among tunneling speeds and equilibrium tunnel areas of the four termite species.
Results of this study indicate that the tunneling activities of C. gestroi, C. formosanus, and R. virginicus were temperature-dependent within the temperature range of 15Ð35ЊC and that of R. flavipes were temperature-dependent within the temperature range of 15Ð 30ЊC, suggesting that these termite species may have a greater chance to locate food and cause damage at high temperatures than at low temperatures. Summer is considered the best season for application of baiting system for subterranean termites. Bouillon (1970) reported that seasonal variations were directly correlated with foraging activities of subterranean termites. Cornelius and Osbrink (2010) noted that C. formosanus abandoned underground monitoring stations during the winter when average soil temperatures were lower than 15ЊC, suggesting the possible lack of bait feeding at low temperature. According to Hapukotuwa and Grace (2012a), C. formosanus was more active during winter than C. gestroi in Hawaii, while C. gestroi was more active during late spring and summer. Daily variations of tunnel activities of Coptotermes lacteus (Froggatt) were observed by Evans and Gleeson (2001) . The activity peak occurred at various times during the day in different seasons, as air and soil temperatures varied. Termite activity level is an important consideration for termite bait application, and previous studies proved that ßuctuation of soil temperature is one factor that determines the seasonal variations of termite activity levels (Sen-Sarma and Mishra 1969 , Evans and Gleeson 2001 , Harahap et al. 2005 , Hapukotuwa and Grace 2012a .
The result of KruskalÐWallis test showed no significant difference among the numbers of food particles moved by R. flavipes within the temperature range of 15Ð30ЊC (Table 4) . C. gestroi moved more particles at 30 and 35ЊC than at 15ЊC. No signiÞcant difference was observed among means within range of 20 Ð35ЊC. C. formosanus moved signiÞcantly fewer food particles at 15ЊC than at 35ЊC. SigniÞcantly fewer food particles were moved by R. virginicus at 35ЊC than at 20ЊC. This result agreed with our previous study that 35ЊC was too hot for feeding activity of R. virginicus, although they could survive at this temperature (R. C. and N.-Y. S., unpublished data). In general, the food transportation activity of subterranean termites was affected by temperature but at different levels.
The total linear distances of food particles moved by four termite species 6 h after they reached the food are shown in Table 4 . The result of KruskalÐWallis test showed no signiÞcant difference among total distances of food particles moved by R. flavipes within temperature range of 15Ð30ЊC. Temperature impacted the total distances of food particles moved by C. formosanus, R. virginicus, and C. gestroi. The longest distance of food particles moved by C. gestroi was observed at 25ЊC, but the largest number of moved particles appeared at 35ЊC, indicating this termite species moved more food particles at 35ЊC but at a shorter distance, while at 25ЊC they moved fewer particles at a longer distance. For C. formosanus, the total distance at 35ЊC were signiÞcantly longer than that of 15ЊC. The distances of food particles moved by R. virginicus were not signiÞcantly different among 15Ð30ЊC, but the mean at 35ЊC was signiÞcantly lower than that at 25ЊC, indicating 35ЊC was too hot for R. virginicus to transport food. Both the number and distance of moved food particles affect the food transportation and exploitation efÞciency of subterranean termite colonies.
Food transportation and deposition by subterranean termites have not been well understood. Foraging activity is a direct measurement of damage potential by subterranean termites. Understanding how termites transport food and what factors inßuence this process may aid the improvement of subterranean termite control strategies. It was believed that the variations of termite activity are closely related to temperature ßuctuations (Sen-Sarma and Mishra 1969 , Evans and Gleeson 2001 , Hapukotuwa and Grace 2012a . High activities of subterranean termites indicate increased damage potentials and thus economic loss caused by these wood-feeders. Within a certain temperature range, higher temperature means higher possibility for subterranean termites to locate toxic bait product in soil as well as higher transportation efÞciency, which ensures that the bait is consumed by more individuals in the colony. Therefore, temperature is an important consideration for the application of termite bait product. There are many incidents of baiting during the winter that have to be redone owing to low temperature, especially in northern part of the United States (Su et al. 1991) . The results of this study provide further evidence that cold winter season may not be ideal for baiting programs.
